RNA in a cell is subject to many of the same insults as DNA. RNA damage can induce apoptosis and may be exploited for anti-cancer chemotherapy. It is a surprise, however, to learn that cells may repair RNA damage, suggesting a far greater significance of RNA in genotoxic stress.
Damage to DNA is a significant issue for all cells, particularly in cancer where DNA repair commonly fails. It is not widely appreciated that many agents that cause damage to DNA, such as radiation and certain cancer chemotherapy drugs, also damage RNA. Given that there is at least as much RNA in a cell as DNA, wherever DNA is damaged by such agents, RNA is surely damaged as well. When the damage to RNA is substantial, apoptosis is induced, which is the desired affect of anti-cancer chemotherapy [1] . Nevertheless, RNA has not been the major focus in investigating how cells cope with such insults (until very recently, 'RNA damage' and 'RNA repair' did not crop up in the PubMed index). There have been scattered insights over the years into the significance of RNA to genotoxic stress, but a recent report by Aas and colleagues [2] suggests that the cell has at least one specific mechanism to repair RNA damage, indicating a greater investment in the protection of RNA than previously suspected.
AlkB Reverses Alkylation Damage
Alkylating agents are endogenous and environmental compounds that cause mutations, tumors and neurotoxicity. Chemically, they add alkyl groups, like methyl or ethyl groups, to organic macromolecules, in particular to the ring nitrogens and oxygens of bases of nucleic acids. Cells have developed a host of repair systems to deal with alkylation damage of DNA. These include the removal of the damaged residues by DNA glycosylases, followed by replacement of the nucleotide by DNA polymerases using the opposite strand as template. Another mechanism is the direct reversal of the methylation damage, which does not require a template to make the repair. For example, the Ada and Ogt enzymes of Escherichia coli restore the normal base of an alkylated DNA by directly removing the offending chemical group in a suicidal reaction. The E. coli enzyme AlkB has long been known to act in alkylation damage repair, but until recently its mechanism of action was not clear, as biochemical assays failed to detect in the AlkB protein any of the enzymatic activities known to occur in DNA repair enzymes.
In a remarkable display of the power of bioinformatics applied to genome sequences, Aravind Coping with RNA Damage Cells may have mechanisms of dealing with RNA damage other than direct repair (Figure 1) . RNA chaperones, for example, may help cope with broken or crosslinked RNA molecules so that they can be sequestered and degraded. For example, the protein YB-1, which binds nucleic acids, may be just such a chaperone. Several studies have connected YB-1 expression with chemotherapy resistance and disease prognosis in cancer [7] . Elevated expression of YB-1 can confer on cancer cells resistance to nucleic acid-damaging agents, such as cisplatin [8] . How YB-1 does this may not be entirely clear, because the initial suggestions that it does so by regulating other drug resistance genes have been challenged [9] . In vitro, this protein acts as an RNA chaperone by aiding in the unwinding and winding of RNA duplexes [10] . Perhaps YB-1 is part of a general RNA handling machinery that helps move the molecules from one complex to another.
Another gene with a potential role in RNA damage control is LSM1 of budding yeast. Deletion of LSM1 causes resistance to ultraviolet radiation [11] . LSM1 encodes a protein involved in mRNA decapping and protection against trimming of 3′ ′ untranslated regions [12] , suggesting that regulation of mRNA stability may affect the response to exogenous RNA and DNA damage. Interestingly, the human LSM1 orthologue is associated with the invasive potential of prostate cancer and perhaps other neoplasms [13] .
Additional isolated suggestions that other general RNA binding proteins contribute to a cell's ability to deal with nucleic acid damaging agents have appeared [14] . There are many RNA binding proteins encoded in the genome with no known function. Perhaps one question to be asked of these is whether they play some caretaking role for the cell's RNA.
Anti-Cancer Chemotherapy and RNA Damage
It is well established that RNA damage caused by anticancer chemotherapy agents is an important component of their action. For example, the incorporation of 5-fluorouracil (5-FU) into newly synthesized RNA appears to be the primary determinant of its cytotoxicity [15] . Cisplatin, which forms adducts on both DNA and RNA, inhibits translation in cancer cells by crosslinking of mRNA to ribosomal RNA or ribosomal RNA to itself [16] . Adriamycin (doxorubicin), an anthracycline drug which intercalates between base pairs of double-helical nucleic acids, has been shown to bind RNA helices and inhibit RNA helicase, an activity essential for RNA synthesis, processing, transport and turnover [17] .
Considering that there is generally more RNA in a cell than DNA, most of it in the form of ribosomes that turn over at relatively low rate, it is likely that there will be significant damage to cellular RNA when cells are treated with these drugs. Furthermore, the 'information content' of cellular RNA is greater than that of the chromosomal DNA: whereas only 3% of the human DNA has coding potential, almost all RNA sequences in the cytoplasm have functional significance, whether coding for proteins (mRNA) or performing translation (ribosomal RNA and tRNA). Therefore an agent that can affect RNA or DNA equally well from a chemical perspective is more likely to cause significant RNA damage in a living cell.
Importantly, a new class of anticancer agents that specifically damage RNA has been shown to be effective and is currently undergoing clinical trials. This cytotoxic ribonuclease -called Onconasecleaves tRNA, and in so doing, induces apoptosis via a p53-independent mechanism [1] . Drugs that interfere with the synthesis of RNA and DNA precursorsfor example hydroxyurea and methotrexate -or that block RNA polymerase -for example actinomycin D and α α-amanitin -are also known to induce p53 and cause cell cycle arrest [18] . These examples show that RNA damage can lead to cell-cycle arrest and cell death, much as DNA damage does. The precise mechanisms by which apoptosis is induced by RNA damage deserves further study.
RNome Stability: A Link to Cancer?
Alterations of genome stability have an important role in tumorigenesis, particularly in the inherited predisposition to cancer. Typically, DNA repair genes mutated in sporadic and hereditary tumors have a double function: they effect DNA repair and also regulate cell cycle and apoptosis checkpoints. Inactivation of these genes increases the mutation rate and at the same time prevents engagement of checkpoints, resulting in a growth advantage. Is it possible that an ability of RNA damage to induce similar checkpoints means that defects in RNome stability might also play a role in tumorigenesis? One suggestion that this is so comes from the study of inherited predisposition to cancer. For example, the hereditary prostate cancer gene HPC2/ELAC2 encodes a protein that shows homology to the mRNA cleavage and polyadenylation specificity factor CPSF73 [19] , indicating a potential link between mRNA biogenesis and cancer predisposition.
A cell has a great investment in its RNAs -they are working copies of genomic information. The study of mRNA biogenesis in the last few years has revealed an elaborate surveillance mechanism involving factors such as the UPF proteins that culls aberrantly spliced mRNAs and mRNAs with premature termination codons. There might be a hint that such RNA quality control mechanisms go awry in cancers, just as DNA quality control mechanisms do, where aberrantly spliced transcripts accumulate in a tumor [20] 
